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Abstract
A long standing question in the field of heavy-ion collisions is whether charm quarks are ther-
malized within the Quark Gluon Plasma. In recent years, progress in lattice QCD simulations has
led to reliable results for the equation of state of a system of 2+1 flavors (up, down, and strange)
and 2+1+1 flavors (up, down, strange, and charm). We find that the equation of state strongly
affects differential flow harmonics and a preference is seen for thermalized charm quarks at the
LHC. Predictions are also made for the event-plane correlations at RHIC AuAu
√
sNN = 200 GeV
collisions, and the scaling of differential flow observables and factorization breaking for all charged
particles at LHC PbPb
√
sNN = 5.02 TeV collisions compared to LHC XeXe
√
sNN = 5.44 TeV
collisions, which could be useful in answering the question: are charm quarks thermalized?
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Shortly after the Big Bang, a state of matter known as the Quark Gluon Plasma (QGP)
filled the entire universe [1]. Since the early 2000’s, the QGP has been recreated in the
laboratory using high-energy heavy-ion collisions at RHIC and the LHC. Lattice Quantum
Chromodynamics (QCD) calculations have been driving the theoretical understanding of
the QGP [2, 3]. They provide the equation of state (EoS) from first principles at zero and
small baryon densities. Lattice QCD demonstrated that the early universe and high-energy
heavy-ion collisions undergo a cross-over phase transition between the QGP phase and a
hadron resonance gas [4]. This could only be determined with fine lattice grids that can be
extrapolated to the continuum [5]. These first-principle calculations have now progressed
to the point that it is possible to directly compare the EoS of 2+1 flavors (up, down, and
strange) [6, 7] vs. 2+1+1 flavors (up, down, strange, and charm) [8]. A system with 2+1+1
dynamical flavors implies that charm quarks are thermalized whereas a system with 2+1
dynamical flavor assumes thermalization only for the light and strange quarks.
While it is believed that charm quarks should be thermalized in the Early Universe in
the quark epoch [8] due to its comparatively larger size and slower expansion, heavy-ion
collisions produce only a handful of charm quarks per collision so it is not clear whether
they are thermalized in this case [9–18]. Many of the approaches attempting to answer
this question have looked at measurements of the nuclear modification of heavy quarks and
their flow harmonics, which are plagued by low statistics. Previous approaches have pointed
to the large elliptical flow of charm [19–24], which may indicate that charm quarks are
thermalized [9]. However, other works have discussed the very close proximity of charm
quarks in phase space, which would make it difficult for them to fully thermalize with the
medium [25]. In this letter we propose a radically new method for determining if charm
quarks are thermalized, that can be easily tested using all charged particle flow observables.
Until now, the most successful tool to study the dynamical properties of the QGP has
been event-by-event relativistic viscous hydrodynamics [26–40]. The exception has been
that, at LHC run 2, hydrodynamic predictions yield a poor description of vn(pT ) in the soft
sector (pT < 3 GeV) [41].
The EoS from Lattice QCD can be fed directly into the hydrodynamic models in order to
make direct comparisons to experimental data. A recent Bayesian analysis using standard
hydrodynamical observables (that require low statistics) has confirmed that the Lattice
QCD EoS gives approximately the right form in order to reproduce the experimental data
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[42]. However, most of the common observables are not particularly sensitive to the EoS
[35, 39, 43, 44] and while v1 is known to be sensitive to the EoS [45–50], it is influenced
by a complicated mix of eccentricities [51]. Besides, momentum conservation must also be
considered [52], making it a poor choice for constraining the EoS. In this letter, we point out
the high sensitivity of event plane correlations, differential flow, and factorization breaking
to the assumptions regarding the flavor number of thermalized quarks in the EoS. We find
that the EoS with thermalized charm quarks significantly improves the fit to vn(pT ) at LHC
run 2. The scaling behavior from PbPb to XeXe is also significantly affected by the EoS
so we make predictions that, if confirmed, could be a further proof that charm quarks are
thermalized at the LHC.
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FIG. 1. (Color online) Trace anomaly of the 2+1- [6] vs. the 2+1+1-flavor EoS from the quark
epoch in the Early universe from Ref. [8]
Because of the large mass of the charm quark (mc ∼ 1.3 GeV), it is commonly assumed
that charm quarks would only be influential at temperatures close to T ∼ 1.3 GeV. Contrary
to that assumption, in [8] it was shown that thermalized charm quarks could influence the
thermodynamic properties at temperature even below T . 300 MeV, which are reached by
both RHIC and LHC energies, as shown in Fig. 1. In Fig. 1 we show the parameterizations
of the trace anomaly for the two different equations of state used in this letter, compared to
the latest Wuppertal-Budapest collaboration data for 2+1 flavors [6, 53] and 2+1+1 flavors
[8]. We complement the lattice QCD results at low temperatures through a smooth merging
to the Hadron Resonance Gas model, for which only the most up-to-date particle resonance
lists are used throughout the paper, the so called PDG2016+ from [39, 54]. Based on our
two parameterized EoS we see a 14%, 40%, 70%, and 102% increase in the trace anomaly
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of the 2+1+1-flavor EoS over the 2+1-flavor EoS at temperatures T = 300, 400, 500, and
600 MeV, respectively. This demonstrates that at LHC, where a maximum temperature of
Tmax ∼ 600 MeV is reached, it is likely that the influence of thermalized charm quarks can
be measured.
We use event-by-event fluctuating initial conditions generated from the TRENTO model
[55] tuned to IP-Glasma [26] i.e. p = 1, k = 1.6, and σ = 0.51, which are known to
successfully reproduce the experimental data [39, 40]. A very fine initial grid size of the
initial conditions is set to dx = dy = 0.06 fm at AuAu 200 GeV and dx = dy = 0.05 fm
at PbPb 5.02 TeV and XeXe 5.44 TeV and 35,000-50,000 initial conditions are generated
at each energy. Here only deformed XeXe events are used [56]. We use the relativistic
viscous hydrodynamics code, v-USPhydro, to evolve the initial conditions on an event-by-
event basis. Hydrodynamics is switched on at τ0 = 0.6 fm for both RHIC and LHC, where
it is evolved with the smoothing parameter h = 0.3 fm (see [57–59] for more details). At the
switching temperature TSW = 150 MeV the fluid is hadronized using Cooper-Frye [60, 61].
The resonance decays are described using an adapted version of AZHYDRO [62–64] with the
full PDG2016+ particle list. Further details on the inclusion of these new resonances and
their decay channels can be found in [39]. In the following, if high statistics is needed for a
specific observable, we always show the effect of our sample size via jackknife resampling.
For the time being, no bulk viscosity is considered, which we would expect to alter our
〈pT 〉 results and possibly to the slope of vn(pT ) [57, 58, 65]. However, we would not expect
a need for a large ζ/s in our set-up because we have a reasonable fit to 〈pT 〉 already [39].
Additionally, hadronic transport (such as UrQMD) is not considered because this would
require adaptation both of our particle resonance list to only include 2 body interactions as
well as an adaptation of UrQMD itself to include these new states, which is outside of the
scope of this paper. At RHIC η/s = 0.05 for both EoS and at PbPb 5.02 TeV and XeXe
5.44 TeV η/s = 0.047 for EoS 2+1 and η/s = 0.04 for EoS 2+1+1. The values of η/s were
chosen by comparison of integrated v2{2} and v3{2} to experimental, as discussed in [39].
All results shown here are predictions entirely based upon this previous set-up established
in [39]. Differences between the spectra and integrated flow harmonics are negligible at both
PbPb 5.02 TeV and XeXe 5.44 TeV. The 〈pT 〉 of protons is ∼ 3% higher for the 2+1-flavor
EoS at XeXe 5.44 TeV and ∼ 3− 5% higher for the 2+1-flavor EoS at PbPb 5.02 TeV. The
difference in 〈pT 〉 can be explained by the slightly larger η/s for 2+1-flavors, as a larger η/s
4
has been previously found to increase 〈pT 〉 [66].
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FIG. 2. (Color online) Npart2 ∗ Cn,m,n+m ∗ 103 at AuAu √sNN = 200 GeV for charged particles
from STAR [67] compared to the 2+1- and the 2+1+1-flavor EoS .
The primary difference between the 2+1- and 2+1+1-flavor equation of state appears at
high temperatures, so we do not expect a significant difference in flow observables at RHIC.
Indeed, for integrated flow observables in [39] no differences were seen between 2+1- and
2+1+1-flavors, regardless of energy and system size. Additionally, we do not observe clear
differences in the differential flow observables nor in the factorization break at RHIC (see
Appendix A). The only observables that do appear to have any sensitivity to the difference
between the two EoS’s are the event plane correlations measured by STAR [67]. Event-plane
correlations were first measured experimentally by the ATLAS collaboration [68], that also
suggested the alternative normalization [69]. In [67] only the numerator is measured, namely
Cn,m,n+m = 〈vmvnvm+n cos (mΨm + nΨn − (m+ n)Ψm+n)〉, (1)
and our prediction from Fig. 2 using the 2+1-flavor EoS was shown to be the best fit in
[67]. In Fig. 2, a comparison of Cn,m,n+m calculated using the two equations of state
is shown: the 2+1-flavor EoS shows a stronger correlation between event plane angles,
which yields a slightly better agreement to the experimental data. If infinite statistics were
possible both in theory and experiment, this might be a distinguishing observable for the
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FIG. 3. (Color online) vn(pT ) calculations at PbPb 5.02 TeV for charged particles for the 2+1-
flavor EoS from Ref. [6] and the 2+1+1-flavor EoS [8] compared to the experimental data from
ALICE [41, 70].
thermalization of charm quarks at RHIC. However, at the moment the experimental error-
bars are unfortunately quite large. For this reason, we explore flow observables at the LHC.
In Fig. 3 the differential flow of vn(pT ) for n=2,3 is shown. Notice that all theory calcu-
lations use the scalar product [71, 72]
vn(pT ) =
〈v2v2(pT ) cos [n (Ψn −Ψn(pT ))]〉√〈v22〉 (2)
with multiplicity weighing and centrality rebinning [33, 34, 73]. Comparing to the exper-
imental data from ALICE [41], we find an excellent agreement for the 2+1+1-flavor EoS,
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FIG. 4. (Color online) vn(pT ) for n=2,3 calculations at XeXe 5.44 TeV for charged particles for
the 2+1- vs 2+1+1-flavor EoSs.
while the 2+1-flavor EoS fails in peripheral collisions. Part of the difference can be at-
tributed to the 15% smaller viscosity needed for the 2+1+1-flavor EoS to fit integrated flow
harmonics and because nonlinear effects are largest in peripheral collisions [74]. The 2+1+1-
flavor EoS consistently produces a larger v2 that matches the ALICE data across a range of
centrality classes in peripheral collisions, which makes a strong case for the thermalization
of charm quarks.
Because vn(pT ) in peripheral collisions appears to be sensitive to the EoS, we study the
effects of system size scaling. XeXe collisions were ran this year at nearly the same energy as
PbPb collisions (5.44 TeV and 5.02TeV, respectively). In Fig. 4, vn(pT ) in XeXe collisions
is shown, calculated using the two EoS. Unlike in PbPb collisions, XeXe collisions predict
nearly identical results for the differential flow harmonics when varying the EoS. Comparing
Figs. 3-4 we expect significantly different results for the 2+1- vs. 2+1+1-flavor equations of
state when scaling between PbPb and XeXe collisions. A simple test of the thermalization
of charm quarks is to compare v2(pT ) in PbPb to XeXe. If a suppression of v2(pT ) is seen
in XeXe, it appears that charm quarks are thermalized.
To analyze the differences between the larger system size in PbPb collisions vs. XeXe
collisions, we also plot the ratio of the differential elliptical flow at XeXe divided by PbPb
collisions, v2(pT , Xe)/v2(pT , P b), in Fig. 5. The ratio has the advantage that some modelling
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FIG. 5. (Color online) v2(pT ) at PbPb 5.02 TeV divided by v2(pT ) at XeXe 5.44 TeV for charged
particles for the 2+1- vs. 2+1+1-flavor Equation of State.
effects my cancel out. From Figs. 3-4, one can clearly see that in central to mid-central
collisions the difference between the two EoS is negligible, so we focus only on the 30-70%
centralities in Fig. 5. The splitting is enhanced at more peripheral collisions, wherein the
2+1-flavor EoS predicts an increase in v2(pT , Xe)/v2(pT , P b) while the 2+1+1-flavor EoS
predicts a decrease in v2(pT , Xe)/v2(pT , P b). Because only the 2+1+1-flavor EoS matches
experimental data in PbPb collisions, we predict a suppression in v2(pT , Xe)/v2(pT , P b),
which -if confirmed- points to a scenario where charm quarks are thermalized.
Finally, we study the dependence of the factorization breaking [75] for paT = 3 GeV of the
elliptical flow
r2(p
a
T , p
b
T ) =
〈v22(paT )v22(pbT ) cos
[
2
(
Ψ2(p
a
T )−Ψ2(pbT )
)]〉√
〈v22(paT )〉〈v22(pbT )〉
(3)
on the EoS and find that central collisions appear to be strongly sensitive to the EoS in both
PbPb and XeXe: we show this result in Fig.6. Taking the ratio of XeXe 5.44 TeV over PbPb
5.02 TeV we find that the 2+1-flavor EoS predicts a decrease in the factorization breaking
as the system size decreases, whereas the 2+1+1-flavor EoS predicts a significant increase
in r2(p
a
T , p
b
T ) as the system size decreases. While we show only the results for p
a
T = 3 GeV,
we see this even at smaller paT , although for p
a
T < 2 GeV the effect is small. Additionally,
this splitting of the behavior between XeXe and PbPb collisions for the two different EoS is
observed up to 10% centrality, although the difference is the most dramatic in 0− 5%.
The factorization breaking of mid-central and peripheral collisions have almost no depen-
dence on the EoS, as can be seen for 20− 30% centrality in Fig. 7. While the effect on the
factorization breaking is interesting and could possibly be used as a secondary constraint,
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FIG. 6. (Color online) Upper panel: Factorization breaking r2(p
a
T , p
b
T ) at PbPb 5.02 TeV and XeXe
5.44 TeV for charged particles at 0−5% for the 2+1-flavor EoS from [6] and the 2+1+1-flavor EoS
[8]. The lower panel shows our predictions for the ratios of r2 of XeXe divided by PbPb.
the factorization breaking is also strongly dependent on the initial conditions [76] while also
displays some dependence on the hadronic rescattering [36] and smoothing scale [77] and it
is not clear yet how these effects scale with the system size. However, the sensitivity of a
variety of flow observables to the inclusion of thermalized charm quarks in the EoS can only
be quantitatively addressed via a global analysis across multiple energies, centrality classes,
and observables.
In conclusion, the results of this letter demonstrate an entirely new approach for answering
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FIG. 7. (Color online) Factorization breaking r2(p
a
T , p
b
T ) at PbPb 5.02 TeV and XeXe 5.44 TeV
for charged particles at 20 − 30% for the 2+1-flavor EoS from [6] and the 2+1+1-flavor EoS [8].
Ratios of r2 of XeXe divided by PbPb predictions are shown on bottom.
the question of the thermalization of charm quarks in heavy-ion collisions. Unlike previous
approaches to study the thermalization of charm quarks that focus on the flow of D mesons,
our results are calculated entirely in the soft sector using all charged hadrons. Using the
QCD EoS that includes the thermalization of charm quarks compared to that with only light
and strange quarks, we showed previously [39] that standard observables such as spectra and
integrated flow harmonics see negligible effects from the thermalization of charm quarks. In
this work, we motivate our hydrodynamic description using the most state-of-the-art Lattice
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QCD results for the number of particle resonances, freeze-out temperature, and EoS. Then,
we make predictions for observables that do show a sensitivity to the thermalization of charm
quarks within the EoS. At RHIC energies, the difference between the two EoS is minimal
and the only observables in the soft sector that are affected by charm quarks are the event-
plane correlations, although a significant improvement in the experimental error-bars would
be needed to answer the question of the thermalization of charm quarks at RHIC.
At the LHC the highest temperature region of the EoS, that is the most sensitive to
the thermalization of charm quarks in the trace anomaly, is probed and the 2+1+1-flavor
EoS produces a significantly larger v2(pT ) in peripheral collisions, which is preferred by
the experimental data. The inclusion of thermalized charm quarks predicts a suppression
in the ratio v2(pT , Xe)/v2(pT , P b) whereas the opposite effect is seen from the 2+1-flavor
EoS. If a suppression is experimentally observed in the ratio of v2(pT ) at XeXe collisions vs.
PbPb in peripheral collisions, then this would further build the case for thermalized charm
quarks at the LHC. Furthermore, because the factorization breaking in central collisions
also has clear quantitative differences when one scales from PbPb collisions to XeXe, we are
able to make two testable predictions that should further confirm whether charm quarks
are thermalized. We note that, if it appears that the 2+1-flavor EoS is favored, a general
statement could be made that within heavy-ion collisions charm quarks are not thermalized,
as it is highly unlikely that charm quarks would be thermalized at RHIC. If the 2+1+1-
flavor EoS is more favorable at the LHC compared to experimental data, other methods
must be used to answer the question whether charm quarks are thermalized also at RHIC.
From the currently existing experimental data at the LHC, we see indications that charm
quarks are thermalized because of the favored 2+1+1-flavor EoS; to confirm this statement
our predictions for the system scale of vn(pT ) and r2 must be verified. If the 2+1+1-flavor
EoS is confirmed, we will have solid proof that the EoS probed at the highest LHC energies
is the same as that in the quark epoch of the Early Universe.
This work raises a number of questions for the future such as what is the effect of the
thermalized charm on the differential flow in the hard sector? Additionally, would a Bayesian
analysis also find other new flow observables that could be sensitive to the difference between
the 2+1-flavor and 2+1+1-flavor EoS? If charm quarks are thermalized at the LHC, how
can that be understood in terms of the charm quark phase-space separation? Finally, are
there other flow observables at RHIC that could provide a more conclusive answer at lower
11
energies?
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Appendix A: RHIC vn(pT ) and factorization breaking results
The differences in the vn(pT ) and r2(p
a
T , p
b
T ) at RHIC AuAu 200 GeV between the 2+1-
and 2+1+1-flavor EoS are negligible, as shown in Fig. 8 and Fig. 9. We note that both
equations of state match experimental data points at STAR reasonably well in Fig. 8 and
we make predictions for the factorization breaking at RHIC in Fig. 9.
Appendix B: Note on event plane correlations
The event-plane correlations are calculated using the same method as from STAR [67] at
LHC PbPb 5.02 TeV in Fig. 10 and at XeXe 5.44 TeV in Fig. 11. The differences between
the two equations of state are small compared to those seen in the differential flow and
factorization breaking. Only at RHIC energies are the differences in Npart2 ∗Cn,m,n+m ∗ 103
significant, since the EoS does not strongly affect the differential flow and factorization
breaking.
In a previous analysis at RHIC, it was found that the symmetric cumulants were affected
by the multiplicity weighing and centrality rebinning [73]. When one defines a centrality
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FIG. 8. (Color online) vn(pT ) calculations at AuAu 200 GeV for charged particles for the 2+1-flavor
EoS from [6] and the 2+1+1-flavor EoS from [8].
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FIG. 9. (Color online) Factorization breaking at AuAu 200 GeV for charged particles for the
2+1-flavor EoS from [6] and the 2+1+1-flavor EoS from [8].
window of 10%, it may either be averaged over the entire centrality window or it could first
be separated into 1% centrality bins that are then later recombined into a 10% . The STAR
measurements in [67] did not implement centrality binning, so in Fig. 12 we explore how
that would affect the final results. We find that C336 is affected by the centrality binning in
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FIG. 10. (Color online) Npart2 ∗Cn,m,n+m ∗ 103 at PbPb √sNN = 5.02 TeV for charged particles
for the 2+1-flavor EoS from [6], and the 2+1+1-flavor EoS from [8].
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FIG. 11. (Color online) Npart2 ∗ Cn,m,n+m ∗ 103 at XeXe √sNN = 5.44 TeV for charged particles
for the 2+1-flavor EoS from [6] and the 2+1+1-flavor EoS from [8].
central collisions but generally the three different methods overlap in error bars.
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FIG. 12. (Color online) Effect of centrality binning widths on Npart2 ∗ Cn,m,n+m ∗ 103 at RHIC
for the 2+1 flavor EoS.
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